Introduction
Epithelial cells of the mammary gland and ovary surface interact with the basement membrane of the extracellular matrix (ECM) and are positionally organized by the basement membranes (Timpl and Dziadek, 1986; Stenback and Wasenius, 1985) . Consisting of heparan sulphate proteoglycans, entactin (nidogen), as well as other minor components embedded in a scaolding of Type IV collagen and laminin, basement membranes cover tissue surfaces and serve as physical supports for the surface epithelial cells (Timpl and Dziadek, 1986; Stenback and Wasenius, 1985) . The interaction with the basement membrane functions as a survival factor, since epithelial cells that lose contact with the basement membrane often undergo apoptosis, or`anoikis' (Rouslahti and Reed, 1994; Boudreau et al., 1995) . This mechanism determines the positioning property of epithelial cells. Cells that become resistant to anoikis may inappropriately colonize in improper locations outside or within the tissues, leading to loss of positioning organization of the epithelial cells and subsequent tumor development. Thus, inactivation of a gene(s) controlling epithelial cell positioning may be a step in tumorigenicity.
One gene found to be involved in controlling cell positioning is Disabled-1 (Dab1), one of the two known mammalian orthologs of the Drosophila Disabled (dDab). Dab1, the brain-speci®c homolog, was ®rst identi®ed as a Src kinase binding protein (Howell et al., 1997a) . In Dab1-de®cient mice, brain neuronal cells are disorganized and fail to form discrete layers, a phenotype similar to the reeler mutant mice, in which the ECM protein reelin is mutated (D'Arcangelo et al., 1997; Howell et al., 1997b; Sheldon et al., 1997) . Mice that are de®cient in both the apolipoprotein E receptor 2 (apoER2) and VLDL receptor have an indistinguishable phenotype from reeler and Dab1 defective mice (Trommsdor et al., 1999) . Moreover, Dab1 has been shown to associate with the cytoplasmic tail of these and other receptors, including the amyloid precursor protein and other members of the LDL receptor gene family (Rice et al., 1998; Trommsdor et al., 1998; Howell et al., 1999) . Thus, Dab1 has been proposed to interact with cell surface receptor glycoproteins to mediate the intracellular signal of the ECM protein reelin in determining the positioning of brain cells (Gonet, 1997; Rice et al., 1998; Trommsdorf et al., 1999; Howell et al., 1999) .
The other mammalian ortholog of dDab, Disabled-2 (Dab2), is widely expressed (Fazili et al., 1999; Xu et al., 1995) . Mouse Dab2 is 45% identical, or 60% homologous, to mouse Dab1. Dab2 is strongly expressed in breast and ovarian surface epithelial cells, but its expression has been found absent in epithelialderived ovarian cancer cells (Fazili et al., 1999; Mok et al., 1994; Wong et al., 1993) . We have observed that the expression of Dab2 correlates with the presence of a basement membrane-like structure around tumor cells. To determine whether Dab2 also functions in cell positioning, we have used recombinant adenovirus to replace Dab2 expression in breast and ovarian cancer cells in which its expression is absent or greatly reduced. Here we show that depending upon the types of cells examined, Dab2 expression leads to cell death or growth arrest, which can be rescued by basement membrane attachment. We reason that Dab2 may share a similar function as Dab1, controlling the positioning of surface epithelial cells using basement membrane as a positioning landmark, and the loss of Dab2 may contribute to the disorganized proliferation of basement membrane-independent ovarian surface epithelial cells found in tumor tissues.
Results

Alterations of extracellular matrix components around breast and ovarian tumor cells
Breast and ovarian surface epithelial cells are organized by a sheet of collagen IV and laminin basement membrane. Examples of this structuring in the ovary are revealed by immunostaining of collagen IV shown in Figure 1a ± d: epithelial cells lining the ovarian surfaces ( Figure 1a ) are bounded by a continuous basement membrane (indicated by an arrow). There is also a layer of basement membrane surrounding the mammary ductal epithelial cells, indicated by an arrow (Figure 1c) . However, as shown for a typical ovarian carcinoma (Figure 1b ) or breast cancer (Figure 1d ), no collagen IV staining of basement membranes is detected around the tumor cells; nonetheless, as an internal positive control for the immunohistochemical procedure, collagen IV staining is observed around blood vessels (arrow in Figure 1b) .
We examined 47 ovarian carcinomas for the expression of collagen IV, laminin, and Dab2 (Table  1) . Basement membrane structure was lost, as indicated by collagen IV staining, in 87% (41 out of 47) of the ovarian carcinoma tissues we examined (Table 1) . However, laminin, the other major scaolding component of the basement membrane, was detected Figure 1 Correlation of the loss of basement membrane and Dab2 protein in breast and ovarian tumors. Three normal human breast and ®ve normal ovarian tissue samples, and ®ve breast and 47 ovarian tumors from Emory Hospital were selected for analysis and were histologically graded by pathologists. The tissues were formalin-®xed, paran-embedded, and adjacent sections (5 mm) were prepared for immunostaining with anti-collagen IV and anti-laminin antibodies, to indicate the basement membrane, or an anti-Dab2 antibody (Fazili et al., 1999) (Table 1) , similar to a previous observation (Fazili et al., 1999) . Dab2 is intensely expressed in normal ovarian surface epithelial cells (Figure 1e , arrow), whereas its expression is lost in epithelial-derived ovarian carcinoma cells (Figure 1f) . Similarly, in three cases of normal human breast and ®ve cases of invasive ductal breast carcinomas analysed, normal mammary epithelial cells are lined with a basement membrane revealed by collagen IV staining (Figure 1c , arrow), while no collagen IV is detected around breast tumor cells ( Figure 1d ). As found for normal ovarian surface epithelia, normal mammary epithelial cells express Dab2 strongly (Figure 1g , arrow), while Dab2 expression is lost in breast tumor cells (Figure 1h ). In these tumors, macrophages or ®broblasts (arrowheads in Figure 1f ,h) are stained positive for Dab2, serving as internal positive control.
Presence of basement membrane-like structure correlates with retention of Dab2 expression in ovarian tumor cells Adjacent sections of tumors were used to stain for Dab2, collagen IV, and laminin. In six out of 47 (13%) ovarian tumors analysed, the tumor cells are surrounded by basement membrane-like structure which is stained positive both for collagen IV (Figure 2b ) and laminin. The correlation between expression of collagen and laminin with Dab2 was analysed and shown in Table 2 . It was observed that in tumor cells that remain in contact with a basement membrane-like structure, Dab2 is also positive, as shown by an example in Figure 2a (Table 2) . Thus, it appears that there are two pathways for ovarian tumorigenicity. In the majority of cases, tumor cells proliferate independently, without an attachment to a basement membrane, which correlates with the loss of Dab2 expression. In a smaller percentage (13%) of cases, however, tumor cells acquire the ability to produce or maintain a basement membrane-like structure, and Dab2 expression is retained in these tumors.
Restoration of Dab2 expression in tumor cells leads to cell death or growth arrest, and can be rescued by matrix gel attachment
To determine whether Dab2 is involved in controlling the positioning of ovarian and breast epithelial cells, we used recombinant adenovirus (Graham and Prevec, 1991) to replace Dab2 expression in breast and ovarian cancer cells in which its expression was absent or greatly reduced (Fazili et al., 1999) . Infection with 100 multiplicity of infection (MOI) units in NIH:OVCAR-3 ovarian carcinoma cells achieved Dab2 levels that approximated the expression in Dab2-positive ES2 ovarian cancer cells (Figure 3a) (not shown for ES2 cells). In MCF-10, an immortalized breast epithelial cell line, Dab2 expression persisted at least 7 days following infection (Figure 3b ). Dab2 transfection in NIH:OVCAR-3 cells (Adv-Dab2) resulted in a marked reduction of cell number of cells, due to cell death (Figure 4c ). Cells transfected with the same MOI of the control adenovirus carrying the b-galactosidase gene Human ovarian carcinomas (47 tumors) were formalin-®xed and paran-embedded, and adjacent sections (5 mm) were cut and immunostained with an anti-collagen IV, anti-laminin, and an anity-puri®ed anti-Dab2 antibody. Only staining within (for Dab2) or surrounding (for collagen IV and laminin) tumor cells was scored as positive. Staining in stroma and around blood vessels served as an internal positive control. The number of tumors positive (+) for Dab2, collagen IV, or laminin is indicated 
The results of the staining of the 47 ovarian tumors from Table 1 is re-formatted to reveal the relationship between expression of Dab2, collagen IV, and laminin in individual tumors. In parallel experiments, following transfection cells were plated on matrigel, a basement membrane isolated from EHS tumors that is rich in laminin and collagen IV (Streuli et al., 1991; Boudreau et al., 1996) . These matrigel-attached cells formed spiderweb-like aggregation, remained viable, and grew as well as control cells infected with the adenovirus expressing b-galactosidase (Figure 4d,e) , as judged by cell counting and the MTT assay ( Figure 5 ). Thus, reexpression of Dab2 in NIH:OVCAR-3 ovarian tumor cells leads to cell death, and adherence to the basement membrane rescues the cells from apoptosis. Similar results were observed in the Dab2-negative PA-1 ovarian cancer cells and Sk-Br-3 breast cancer cells ( Figure 5 ). As a control, addition of Adv-Dab2 into ES2 cells, an ovarian cancer cell line that retains the expression of Dab2 (Fazili et al., 1999) , had no eect on cell survival and growth ( Figure 5 ). In MCF-10 cells, Dab2 expression is greatly diminished following proliferative expansion of the cells (Fazili et al., 1999) . Restoration of the level of Dab2 expression by transfection with Adv-Dab2 resulted in cell growth arrest in 6 days. The cells adopted a senescent morphology (Dimri et al., 1995; Hay¯ick and Moorhead, 1961) as shown in Figure 6c (arrow), compared to control (Figure 6a,b) . In addition, the cells infected with Dab2-adenovirus express b-galactosidase activity (data not shown), a biomarker of senescence (Boudreau et al., 1996; Hay¯ick and Moorhead, 1961) . Cell growth, as measured by cell counting and the MTT assay, was Figure 5 MTT assay to determine eects of adenovirus and matrix gel rescue on NIH:OVCAR-3, PA-1, MCF-10, Sk-Br-3, and ES2 cell survival and proliferation. NIH:OVCAR-3, MCF-10, PA-1, and Sk-Br-3 cells were infected with adenovirus carrying b-galactosidase (®lled column) or Dab2 (hatched column) for 4 h. The cells were then harvested. One half of the cells was plated on tissue culture plates (10 mm in diameter), and the other half was plated on matrix gel. The MTT assay (Promega) was used to determine cell number 5 days later. The absorbance at 570 nm was measured reduced to approximately 10% of the mock or adenovirus-b-galactosidase infected controls ( Figure  6 ). Following infection, MCF-10 cells plated on matrigel showed no dierences in phenotype ( Figure  6d ,e), and there was also no noticeable dierence in growth assayed by MTT compared to control. Thus, restoration of Dab2 expression in MCF-10 breast epithelial cells leads to cell growth arrest, and attachment to a basement membrane restores cell growth to normal. These results indicate that Dab2-positive cells require attachment to a basement membrane extracellular matrix for survival and growth, and support the hypothesis that the loss of cell positioning control and disorganized growth that occurs in tumor development is often associated with loss of Dab2 and basement membrane-attachment independent proliferation.
Dab2 suppresses MAPK activation and c-fos expression
In previous studies, we have shown that Dab2 competes with Sos for binding to Grb2, and thus may act as a negative regulator of the Ras mitogenic signaling pathway (Xu et al., 1998) . We found that in NIH:OVCAR-3 ovarian cancer cells expression of Dab2 by recombinant adenovirus suppresses c-fos expression, a downstream target of the Ras mitogenic pathway (Figure 7a ). MAPK activation, determined as an increase in its phosphorylation using an Erk1 phosphopeptide-speci®c antibody, is also suppressed, although to a lesser degree (Figure 7a ). Similar results were also obtained in PA-1, MCF-10, SK-Br-3, and MCF-7 cells (data not shown). The suppressive activity of Dab2 for MAPK activation and c-fos expression is reverted by plating the cells on matrix gel (Figure 7b ). The ®nding that Dab2 suppresses c-fos expression is consistent with our previous results that Dab2 binds Grb2 competing with the recruitment of Sos, and thus suppresses Ras activation (Xu et al., 1998) .
Discussion
Tissue epithelia consist of well-organized monolayers of epithelial cells covering the internal (e.g., breast ductal epithelium) and external (e.g., ovarian surface epithelium) surfaces, with a contiguous sheet of extracellular matrix basement membrane that lies beneath and separates the cells from the interstitial stroma (Timpl and Dziadek, 1986) . Thus, the basement membrane serves as both a mechanical barrier and a landmark for the organization of the epithelial cells. Laterally the epithelial cells are interconnected through specialized adhesive areas (Hagios et al., 1998) , and both epithelial cell-cell and cell-basement membrane contacts most likely function in determining the ®nal positioning of the cells. In normal tissues, epithelial cells that lose matrix attachment exhibit an intrinsic property to undergo either growth arrest and/or programmed cell death. This phenomenon functions importantly in embryonic development (Coucouvanis and Martin, 1995) , mammary gland involution (Erhardt et al., 1999) , as well as to prevent neoplastic development (Rouslahti and Reed, 1994; Frisch and Francis, 1994) . Attachment to the basement membrane, therefore, serves as a survival factor, as well as a positioning control, for the epithelial cells. A hallmark of malignancy is the disorganized proliferation of the epithelial-derived tumor cells and the loss of physical interaction with the basement membrane for survival. Our current investigation and previous studies have revealed that the majority of the ovarian and breast carcinoma cells no longer grow in contact with a basement membrane (Thompson et al., 1991; Stenback and Wasenius, 1985) . However, in our more detailed analysis of a large number of tumors, we have found there is a small percentage (13%) of the tumors in which tumor cells that are surrounded by collagen IV-and laminin-positive basement membrane-like structures. Thus, we propose that ovarian carcinomas can be broadly divided into two types: basement membrane-positive and basement membrane-negative tumors. In the case of basement membrane-negative tumors, mutations have conferred the ability of the epithelial-derived tumor cells to survive in the new environment without attachment to the basement membrane. One candidate for such a cellular mutation is the Dab2 gene. Consistently, Dab2 is inactivated in the majority of ovarian tumors that are basement membrane-negative, but Dab2 expression is present in the small percentage (13%) of tumors that are basement membrane-positive. Presumably, the contact with the basement membrane provides a survival signal for these tumor cells, and thus inactivation of Dab2 is unnecessary for tumorigenicity. The ECM component(s) providing signals to counter Dab2 cell growth inhibitory activity is most likely collagen IV or an unidenti®ed component bound to collagen IV, but not laminin, since there was no signi®cant correlation between laminin and Dab2 expression in tumor tissues.
In preliminary studies using other transfection methods, we have had diculty establishing Dab2 reexpression in tumor cells, which is a problem encountered often in generating stable transfectants of a growth suppressor/tumor suppressor. Adenoviral expression systems have been used frequently to circumvent these diculties. In our hands It is likely that Dab2, like Dab1, is an adaptor for cell surface glycoproteins that sense the environmental signals by contacting basement membrane or neighboring cells. Like Dab1, the PID domain of Dab2 may bind to the NPXY motif in the intracellular domain of the low density lipoprotein receptor family. Alternatively, all of the integrin beta subunits also contain NPXY motif in their intracellular domain. The NPXY motif in beta-integrin subunit is important in intracellular signaling (Law et al., 1999; Vignoud et al., 1997; Tahiliani et al., 1997; O'Toole et al., 1995) , and Dab2 may mediate contact signaling of integrin. Whether Dab2 bind to these NPXY motifs and is involved in LDL-family receptors or integrin signaling is to be determined.
The basement membrane has been shown to suppress the activation of the apoptotic pathway in mammary epithelial cells (Rouslahti and Reed, 1994; Boudreau et al., 1995 Boudreau et al., , 1996 ; the survival signal following basement membrane attachment, therefore, may counter an intrinsic cell death or cell growth arrest signal mediates by a pathway involving Dab2. Dab2 may negatively regulate cell growth by constraining Ras activation by sequestering Grb2 from the Grb2/ Sos complex (Xu et al., 1998) . Here we have shown that expression of Dab2 by adenovirus-mediated transfection suppresses MAPK activation and c-fos expression, two downstream targets of the Ras pathway. The suppressive activity of Dab2 for MAPK activation and c-fos expression is reverted by plating the cells on matrix gel. Importantly, activation of the Ras pathway has been reported to prevent cell death in a variety of dierent cell types (Erhardt et al., 1999) and inhibition of MAPK signaling has been shown to sensitize HeLa cells to FasR-induced apoptosis (Holmstrom et al., 1999) . Moreover, sustained activation of the Ras/MAPK/Erk pathway leading to G1 progression requires both matrix attachment and growth factor receptor activation (Huang and Ingber, 1999) . Our results strongly suggest that a Dab2-mediated inhibitory signal of the Ras pathway will terminate (either by cell death or growth arrest) a misplaced epithelial cell that lacks contact with the basement membranes. Thus, elimination of this growth suppressive Dab2 signal is a frequent event in tumorigenesis (Fazili et al., 1999; Mok et al., 1994; Wong et al., 1993) , and allows the tumor cells to escape positional control.
Materials and methods
Tumor tissues
All experimental protocols involving the usage of human normal and tumor tissues were examined and approved by the Human Investigation Committee of Emory University. Normal and cancerous human breast and ovarian tissue samples were obtained from surgeries performed at Emory University Hospital, and were histologically graded by pathologists. The ovarian tumors (47 tumors) were all of surface epithelial origin. The ®ve breast tumors analysed were all classi®ed as invasive ductal carcinomas. Fresh tumor or non-tumor tissues from surgery were snap-frozen in liquid nitrogen, following diagnosis and inspection by pathologists. The tissue samples were formalin-®xed and paran-embedded. For histological and immunohistological analysis, sections (5 mm) were cut and adhered to ProbeOn TM Plus charged and precleaned glass slides (Fisher) or aminoalkylsilane coated Silane-Prep TM glass slides (Sigma).
Immunostaining
Adjacent sections (5 mm) of formalin-®xed, paran-embedded human normal and tumor breast and ovarian tissues were prepared for immunostaining with an anti-collagen IV, anti-laminine (Novocastra), or an anti-Dab2 antibody, as described previously (Fazili et al., 1999) . The polyclonal antiDab2 antibody was prepared against the N-terminal Dab2 peptide (M2-peptide: MSNEVETSATNGQPDQQA). Dab2 peptide antibodies were anity-puri®ed with the peptide antigen conjugated with A-10 gel (BioRad) (Fazili et al., 1999) . Immunostaining was performed both manually and automatedly (TechMate), according to standard staining procedures, using 3,3'-diaminobenzidine (DAB) as the chromogen staining (brown) of collagen IV and Dab2 and hematoxylin staining (blue) of nuclei for counter-staining. Three persons independently read each staining to give the reported results.
Cell culture, matrigel and MTT assay
The breast epithelial cells (MCF-10), breast cancer cells (SkBr-3 and MCF-7), and ovarian tumor cells (NIH:OCAR-3, PA-1 and ES2) were obtained from the American Type Culture Collection (ATCC) (Rockville, MD, USA). These cells were cultured in DMEM containing 10% fetal bovine serum supplemented with 10 ng/ml EGF, 1% non-essential amino acids, and 100 U/ml penicillin, 100 mg/ml streptomycin, and maintained in a 5% CO 2 incubator at 378C. To examine eects of the basement membrane, cells were seeded on plates coated with 1 mm thick Matrigel, prepared according to manufacturer's instructions (Becton-Dickson).
Numbers of viable cells were assayed by counting, using a hemacytometer, and by assessing the conversion of tetrazolium salt (MTT) (Promega) to a colored formazan product, detected at 570 nm (Mosmann, 1983) .
Immunoblotting
Proteins of transfected PA-1 cells were analysed for MAPK kinase and c-fos expression and were resolved by SDS ± PAGE on 10% acrylamide gels. Two days following infection with adenovirus carrying either Dab2 or b-galactosidase, the cells were cultured for 24 h in DMEM containing 1% BSA, then stimulated for varying times in DMEM containing 10% fetal bovine serum (FBS). Immunoblotting and Western analysis were carried out as described previously (Fazili et al., 1999) . MAPK kinase and activated MAPK kinase were detected with anti-Erks and anti-Erk1 phosphopeptide antibodies, respectively (BioLab).
Construction and use of recombinant adenovirus for transfection
The recombinant adenovirus carrying the full-length cDNA for Dab2 was prepared by homologous recombination in 293 cell culture following co-transfection of pJM17 vector and Ad5 left shuttle vector inserted with Dab2 cDNA driven by a CMV promoter and followed by a polyadenylation signal on the 3' end (Graham and Prevec, 1991; Willnow et al., 1994) . Recombinant virus expressing Dab2 was selected by Western analysis of an infected 293 cell plaque lysate. Ten clones of Dab2-expressing virus were further plaque-puri®ed to obtain homogenous populations of the recombinant virus. Two clones of the virus were ampli®ed in 293 cells, puri®ed by CsCl isopycnic ultracentrifugation, and then dialyzed against saline to produce a high titer virus stock. The titer was determined by plaque formation, and the viral stock was frozen at 7808C in 50 ml aliquots. For experiments, monolayers at 70 ± 80% con¯uency of PA-1, Sk-Br-3, ES2, or MCF-10 cells in 30 mm dishes were infected with recombinant adenovirus carrying the human Dab2 cDNA or the b-galactosidase cDNA. After incubation for 4 h at 378C in DMEM containing 2% FBS and the puri®ed recombinant virus, the medium was removed and the cells were cultured in DMEM containing 10% FBS. The cells were then analysed by Western blot for expression of various proteins, MTT proliferation assay, cell counting, and morphological characterization.
